We demonstrate a new technique for femtosecond microfabrication in transparent dielectrics, which employs non-diffracting Bessel-Gauss beams instead of commonly used Gaussian beams. The main advantage achieved this way is the ability to record linear photomodified tracks, extending along the line of non-diffracting beam propagation without sample translation, as would be required for Gaussian beams. The initial near infrared Gaussian laser beam was transformed into the non-diffracting Bessel-Gauss beam by a glass axicon (apex angle 160 deg). The beam was imaged into the bulk of the sample by a telescope consisting oftwo positive lenses, which allowed to vary the focusing cone angle from 5°to 19°, and maximum non-diffracting propagation distance up to 1 cm. We have recorded pre-programmed patterns of multi-shot damage tracks (diameter about 3 tim), extended uniformly along the z-axis by varying the damage spot coordinates in the x -y plane. The experiments were carried out in various transparent dielectrics: silica glass, sapphire, and plexyglass. Physical processes underlying the Gauss-Bessel microfabrication, and its potential applications for stereolithography, 3D microstructuring, and photonic crystal fabrication will be discussed.
INTRODUCTION
Generation of non-traditional laser beams, and their application in light-matter interactions have recently become a topic of considerable interest, Bessel beams, since their introduction in I 987,1,2 received growing interest both in linear and nonlinear optics, because of their unique radial intensity distribution and nearly diffraction-free propagation. A Bessel beam can be considered as a superposition of plane waves, wave vectors of which lie on the surface of a cone at a fixed angle with cone axis. Interference of these plane waves yields transverse field intensity distribution, which can be viewed as a single bright spot surrounded by several concentric rings.
Many different methods have been proposed for the Gaussian beam transformation into non-diffracting one. Optical holograms,3 aberrating lenses,4 Fabri-Pérot interferometers,5 laser cavities,6 spatial light modulators7 and conical lenses-axicons8 have been employed. Axicon provides the most efficient method for high intensity Bessel beam generation due to lower losses compared to annular apertures, and absence ofhigher-order diffraction maxima present in the case ofholograms and spatial light modulators. Despite numerous activities in the development of methods for Bessel beam generation as well as its applications for the basic research in nonlinear optics9"° and laser acceleration," only few practical implementations of non-diffracting beams have been reported so farJ_'6 The axicon was used for the first time 20 years ago as an optical element producing a circle with a Fourier transform lens in laser machining'7"8 because of its ability to deliver high density of energy confined inside the ring pattern. With this technique round holes were drilled in various metals using CO2 laser radiation. However, authors paid little attention to the radial intensity distribution and non-diffracting character of the beam.
Laser microfabrication requires high light intensities for achieving permanent changes inside transparent dielectrics. The term "laser microfabrication" implies that laser beam is tightly focused with the waist diameter of the order of light wavelength. For a focused Gaussian beam, the distance over which such high intensity can be sustained is relatively short due to transverse spreading. This distance is measured in terms of Rayleigh range:
where w0 is the waist of the beam, and ) is the wavelength. Thus, the interaction length decreases with decrease in the waist diameter (increase in the peak intensity). Because of this, microfabrication with focused Gaussian beams requires scanning of the sample position along the beam propagation line in order to achieve photomodification of the material over macroscopic distances. Bessel beams, in contrast, can propagate over distances of about I 0 cm, while retaining transverse dimensions in a micrometer range. This circumstance might be advantageous for increasing the interaction length.
In this work we demonstrate a new femtosecond laser microfabrication technique which provides faster fabrication and increased penetration depth due to the use of nearly non-diffracting Bessel-Gauss beams. This technique is proven to be useful for the fabrication of high aspect ratio microcomponents.
THEORETICAL DESCRIPTION OF BESSEL-GAUSS BEAMS
Conditions for a free-space-propagating scalar field to be nondiffracting were first formulated by McCutchen theorem. According to this theorem, if the spatial spectrum of the radiation field is confined within a ring, such field propagates without diffractional spreading. More generally, non-diffracting fields belong to a class of self-imaging fields, whose spectra are confined to multiple of rings. 19 In every area of physics diffractive phenomena are governed by the Helmholtz equation:
Durnin1'2 recently pointed out that the Helmholtz equation (2) for scalar fields propagating in a source-free region z 0 has a class of diffraction-free mode solutions E (x, y, z 0, t) = exp[i(k11z (3) where k + k = (w/c)2, the variables k1 and k11 represent the components of the propagation vectors perpendicular and parallel to the z-axis, respectively, i.e. k1 = ksin 'y, 'y is the cone angle with respect to the propagation axis (see Fig.1(a) ), z max A() is an arbitrary complex function of q, p2 = x2 + y2 and Jo is the zero-order Bessel function of the first kind. When k11 is real, Eq.(3) shows that time averaged intensity profile at z = 0 is I(x,y,z 0) = 1/2 E(t) I2 J2(kp) (4) When k1 = 0 the solution is simply a plane wave, but for 0 < k1 < w/c the solution is a non-diffracting beam, with intensity profile which decays at a rate inversely proportional to k1p, and the effective width of the beam is determined by k1 ( Fig.1(b) ). The central spot acquires its minimum possible diameter of approximately 3A/4.2
Jo
The non-diffracting beams described by Eq. 3 cannot be realized experimentally, because their energy would infinite.
Nevertheless, it is possible to synthesize beams that approximate the desired distribution to some degree, and show remarkably small diffractive spread with 19 An example of such approximation is the Bessel-Gauss (BG) beam, introduced by Gori et al.2° as paraxially propagating field with Bessel function, apertured by a Gaussian distribution. The BG beam carries finite energy flux due to the limitation by the Gaussian profile, and therefore can be realized experimentally. Complex amplitude of the BG beam can be expressed as20
where ZR 5 given by Eq. 1, w(z) = w01 + z)2 (z) = arctan (f), R(z) = z + . The BG beam is strongly different from the conventional Gaussian beam only if wok±/2 > 1, and when k1 =0 Eq. 5 reduces to the standard expression for the complex amplitude of the Gaussian beam.2' When BG beam is formed by an axicon with the wedge angle and clear aperture D (Fig. 1(a) ), radial intensity distribution after it can be approximated by22 I(p,z) =kzJ(k1p), (6) and the angle of intersection of the plane waves and optical axis 'y can be obtained through Snell's law for the axicon sin (8 + '-y) = ax Sfl (6), (7) where ax axicon refractive index. For application of Bessel-Gauss beams for microstructuring of various materials it is important to estimate three beam parameters: the central spot size, the non-diffracting propagation distance, and the power density delivered by the beam. The BG beam spot size is typically defined as twice the first zero of Jo(k1p) function: d0=2r0=-6. where w0 is the 1/e2 radius of the Gaussian beam intensity. Because large number of rings is formed in experimental generation of BG beams, the energy in the central spot (or any ring) is quite low compared to that of a Gaussian beam. The resulting efficiency is typically quite small, but it is substantially larger than what could be obtained using other BG beam transformation methods. Also, it is important to mention that with a projection lens system, variation in the distance between the rings does not affect the throughput of each ring, if we neglect transmission losses in the lens system. Additional zoom lenses L1 (fi = 100 mm) and L2 (12 = 30 mm) are used for BG beam imaging on the sample S with cone angle magnification. The lens L3 (f = 16 mm) coupled to the CCD camera was used for monitoring the near field intensity distribution of the pump and BG beams. The pulse repetition rate and energy was controlled by the shutter and neutral density attenuator S+A.
EXPERIMENTAL SETUP
In our experiments we used femtosecond Ti:Sapphire oscillator-regenerative amplifier system (Spectra Physics) based on chirped pulse amplification. A mode-locked Ti:Sapphire laser (Tsunami) pumped by Argon-ion laser (Beamlock 2080) operates at the fundamental wavelength of A = 795 + 10 nm. Regenerative Ti:Sapphire amplifier (Spitfire) pumped by Nd:YLF laser (Merlin), amplifies fs pulses to the energy of 0.5 mJ/pulse with the pulse energy stability of 5%. The pulse repetition rate is 1 kHz. Fig.2 outlines the experimental setup. The spatial intensity profile of the incident laser radiation and magnified BC beam intensity profile is monitored by the CCD camera (Sony, DXC-932) with the pixel size 1 1 1um x 13 sam. The glass axicon (Eksma Co. , ax 1.511) with the wedge angle of 8=175 mrad is used to form the BG beam with the cone angle y 92 mrad (see Eq. 7). The beam is imaged on the sample by the telescope consisting of two positive lenses L1 and L2 Fig. 2 . Hence, the BG beam generated by the axicon is transformed by the combination of L1 and L2 into another BG beam whose cone angle 'y' can be varied continuously according to , (11) From this follows that resulting BC beam cone angle outside the sample was ca. 300 mrad.
First, we have measured characteristics of the incident radiation. The intensity profile and estimate of the pulse duration are shown in Fig. 3 of I .5 mm (FWHM). The autocorrelation trace in Fig. 3(b) was fitted by Seeh2 function with about 100 fs (FWHM) duration. The measured caustic diameter allows calculation of the maximum focal depth Zmax before and after the telescope, which was found to be equal to 14 mm and 4 mm, respectively. For both cases we estimated from Eq. 10 the BG beam central maximum illumination efficiency to be 8.6 . iO.
Optical breakdown induced by the BG beam was investigated in three different materials: i) (240 + 10) m thick dry v-Si02 (ED-C brand from Nippon Silica Glass Co.); ii) (150 1) ,um thick crystalline sapphire, iii) 4-10 mm thick optical grade plexyglass. All samples were cleaned and then mounted on a metal target holder on two-coordinate micrometer translation stage. The edges of silica glass and plexyglass samples were polished to enable side view microscopic analysis of the structures.
Hereinafter the light induced damage threshold (LIDT) for the line pattern damage (for full depth of focus Zmax) 5 defined as the smallest energy required for observable permanent change of the material transmission after I 0 laser shots per spot, recognizable under the optical microscope. Ex situ inspection of the samples was done by inverted-type microscope (Olympus X170) with maximum lateral resolution of about I ,um (x40 magnification, NA =0.55 objective lens).
EXPERIMENTAL RESULTS AND DISCUSSION
To verify that the beam is non-diffracting, we have measured the spatial intensity distribution I(p, z) of the transformed light field at several distances after the axicon. In these experiments we used a microscope objective lens with NA =0.4 (lens L3 in Fig. 2 ) for the intensity pattern magnification. The measurements show sharp decrease in the central spot intensity at the distance of about 13.5 mm from the axicon. This value is in reasonable agreement with the calculated focal depth Zmax 14 mm. The spatial distribution of intensity of transformed beam at 1 1 mm distance is shown in Fig. 4 (a) magnified about 60 times. As can be noticed, the intensity distribution of the first ring is slightly distorted, while the central spot and other surrounding rings retain circular symmetry. Based on the findings by Tanaka et al.,23 such distortion can be attributed to abberations of the axicon, namely astigmatism. The diameter of the central lobe measured at the distance ranging from 1 to I 3 mm d0 = 7.6 2 ,um, was constant within our experimental accuracy, in good agreement with the value dgam 6.8 um calculated from Eq. (8) . Comparing a Bessel beam with 3 tm radius to a Gaussian beam with w0 =3 im , the spot of the latter will spread to 100 wo after propagation over a hundred Rayleigh ranges (3.6 mm). In contrast, the central spot of the Bessel beam even narrows after propagating the same distance. It should be noted, that the spot size is minimized in the Zmax limit.
In order to investigate the radial intensity distribution of the BG beam in more details, we compared experimentally registered radial intensity distribution at fixed distance from the axicon with the results of theoretical modeling based on Eq. 6. Comparison between the zeros of this function with the experimentally measured transverse intensity distribution shows good agreement. The measured intensity peaks of the secondary maxima differ from those from Eq. 6 because calculated intensity dependence is valid for intersecting waves with uniform intensity distribution, In our case the intersecting waves do not preserve uniform intensity distribution due to the abberations .We conclude from these results, that light beam generated by the axicon can be well approximated by a nondiffracting BG beam.
We have also investigated spatial intensity distribution of the beam transformed by the telescope. At first we determined the beam cone angle from its far field intensity profile. The BG beam cone angle y' = 320 mrad exceeded that obtained from the theoretical prediction by Eq. 1 1. This circumstance indicates that this expression can be only used for qualitative estimates of the cone angle. The spatial intensity distribution of the transformed beam is presented in Fig. 4 The central spot diameter and depth of the focus are d0 = 2 ,tm, and Zmax 4 mm, respectively. Thus, the maximum aspect ratio anticipated for fabrication with such beam is = 2 . i03.
In BG beam microfabncation experiments all samples were placed in the range Zmax of nondiffracting propagation of the n-___-0 im (a) 2::;::::
ii:1- multi-shot LIDT for the line pattern formation in plexyglass was about 0.9 J/cm2 . As seen from the Fig. 6(a-c) , the diameter of the damaged region at the beam entrance plane was about 6 times bigger than that at the exit surface, i.e. the entrance diameter of the beam was comparable to the diameter of the first ring in the intensity distribution of the beam. Whereas the central spot diameter at the sample surface was 7.6 tm. One possible explanation of the observed phenomenon is carbonization of the material, which leads to heating due to absorption of several successive laser pulses, and eventually, to larger damage spots.
For the femtosecond microstructuring of silica and crystalline sapphire we used BC beam with the cone angle of 320 mrad. The measured LJDT levels were 6.8 J/cm2 and 8.2 J/cm2 for silica and sapphire, respectively. According to our recent investigations24 single-shot LIDT for ED-C silica was 5 J/cm2 in the case of Gaussian beam focused by a high numerical aperture objective. Recently, Ashkenasi et 25 demonstrated the decrease in LIDT after multi-shot irradiation. Therefore, microstructuring by BG beam requires higher fluence for the breakdown of the material. It is not surprising, since according to the LIDT definition given above more than i0 bigger volume of glass should be excited simultaneously. In both materials (see Fig. 6(d-f) for silica and Fig. 6 (g-i) for sapphire) the observed geometry of linear patterns was similar to that in plexyglass, but the measured difference in diameters was only about 2 ,um. Also, as follows from Fig. 6(g-i) , due to high birefringency of sapphire, diameters of the damaged spot can be measured by conventional microscope only on the surfaces (see Fig. 6(h) ). The atomic force microscope (AFM) pictures in Fig. 7 show examples of the entrance (a) and exit (b) surfaces of silica after microfabrication using the fluence 2 x LIDT. The diameter of the BG beam at the surface was d0 =2 jim. The diameters on the entrance and exit surfaces were about 2 um and I .2 pm, respectively. Additional modification of silica sample around the central spot indicates that higher order intensity maxima of BG beam become imprinted on the surface. The diameter and positions of these additional concentric pits, d1 4 1um, is almost identical to the diameter of the BG beam first ring, and intensity distribution inside it(see Fig. 4(b) ). The structure size is hence comparable to that of the size oflaser beam distribution on the surface. No melted material was observed on the edges of the ablated pits.
The observed decrease of the spot size along the propagation direction can be tentatively explained by self-focusing of fs pulses. However, the irradiation power corresponding to the measured LIDT values was below the critical self-focusing power Pcr for Gaussian beams: LIDT for plexyglass is '-S-' Pcr, LIDT for sapphire is 0.69 Pcr, and LIDT for silica is 0.42 Pcr. Thus, in plexyglass self-focusing could lead to the decrease of the central spot diameter at the exit surface. To verify the influence of self-focusing we recorded linear pattern inside 1 cm thick plexyglass sample at power levels ranging from 1 Pcrto 6 Pcr.
The photograph of the sample side view is shown in Fig. 8 . At each power level, which in the figure increases going from the bottom to the top, several patterns were recorded. The measurements show increase of the length of pattern from about 2 mm to 4 mm with increase in power from 1 Pcr to about I .5 Pcr. For even higher power levels no change in the pattern length, and only moderate increase in diameter were detected. This is clear evidence, that linear damage length depends only on the depth of focus of the BG beam. More detailed study of these effects is currently in process. 
CONCLUSIONS
The presented experimental studies demonstrate potential advantages and practical application of non-diffracting electromagnetic fields produced by an axicon for microstructuring of transparent dielectrics. Irradiating the material with Bessel-Gauss beams delivers optical illumination along narrow tracks extended over substantial distances along the beam propagation direction. We find that intense Bessel-Gauss beams can propagate in a material without substantial losses due to scattering or shadows, at the same time creating light-induced damage. By exploiting this circumstance, we have successfully recorded in various materials micrometer-thick linear damage tracks having length from 0. 1 mm to 1 cm without need to scan sample position along the beam propagation direction, as would be required using Gaussian beams. Furthermore, we have demonstrated efficiency of this technique in recording patterns with high feature length-to-width ratio of 102 i03. This method could be useful as an alternative way to microfabricate complex 3D patterns and microfluidic systems.
